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Background
This test is being conducted as part of the U.S. Department of Energy's (DOE) Independent Testing project. This project was established to help reduce the barriers of wind energy expansion by providing independent testing results for small turbines. In total, five turbines are being tested at the NWTC as a part of this project. Power quality testing is one of up to five tests that may be performed on the turbines, including power performance, safety and function, noise, and duration tests. The results of the testing will provide the manufacturers with reports that may be used for small wind turbine certification. The power quality test for the Gaia Wind 11-kW wind turbine began on July 23, 2009 and ended on January 15, 2010. About 9,995 10-min intervals of data were collected while the turbine was available. The IEC 61400-21 Power Quality Standard requires at least five 10-min average data points for each 1 m/s wind speed bin for the wind turbulence intensity between 8 and 16%. This condition reduced the valid data to 1,021 10-min intervals. The highest bin filled (with no wind speed normalization) was the 14 m/s bin. When the data is binned by percent of rated power, more than five data points were recorded for each bin. According to the IEC 61400-21, not enough data was collected to fill the 15 m/s bin due to high turbulence intensity for the data points collected in the 15 m/s bin. The test matrix is given in Appendix A.
Test Summary
The test was conducted in accordance IEC 61400-21 Power Quality Standard and MEASNET procedures, and the following are the test results required by the standard and are included in this report:
• Maximum measured power (60-sec and 0.2-sec), reactive power demand
• Voltage fluctuations (flicker)
• Voltage harmonics, current harmonics, interharmonics and distortions
• Turbine start and stop tests Rated power, P n (kW) 11
Continuous Operation Test Results
Wind Turbine Data
Rated wind speed, V n (m/s) 9.5
Rated apparent power, S n (kVA) 13
Rated reactive power, Q n (kvar) 9.6
Rated current, I n (A) 16 
Active Power, Reactive Power and Power Factor
The relationship between active and reactive power was measured at the wind turbine low voltage (480 VAC) terminals. Only 10-min data points, with turbulence intensity within 8-16% range, were used for this analysis ( Figure 1 ). Power measurements were sampled during continuous operation only, and taken so that at least five 10-min time series of power were collected for each 1 m/s wind speed (according to IEC 61400-21).
The sampled data was transferred to 10-minute average data by applying block averaging for each 10-min period (Table 4 and Figure 2 ). The power factor ( Figure 3 ) was calculated using active and reactive power values. The reactive power demand is shown in Figure 4 . The 10-min average data was sorted according to the method of bins so that the reactive power could be specified for 0, 10, …., 90, 100% of rated power (Table 5 ). The maximum active power was measured both as 60-sec (P60) and 0.2-sec average (P0.2) values. The reactive power at P mc , P 60 , and P 0.2 was determined by extrapolation of the measured relation between the active and reactive power (Table 6 ). Note 1: Data were not normalized to sea-level density.
Note 2: The active power curve shown in Figure 2 may not be used for the Gaia Wind 11-kW wind turbine power performance evaluation. The official power curve will be published in the Gaia Wind 11-kW Power Performance Test Report.
Line Voltage Distortions
The average voltage Total Harmonic Distortions (THD) measured during the test are shown below for each phase: 
Current Harmonics
The individual harmonic currents during continuous operation were measured as 10-min average data for each harmonic order (up to 50th) at the output power giving the maximum individual harmonic current. The harmonic data and the maximum current Total Demand Distortion (TDD) values as a percentage of nominal current I n are shown in Table 7 . Figure 5 shows the plots of 10-min average data for maximum current TDD (% of I n ) as a function of output power. The harmonic currents were subgrouped according to Section 5.6 of IEC 61000-4-7/CDV. The window width used during measurements was T w =12. 
Current Interharmonics
The individual interharmonic currents below 2 kHz are given in Table 8 as 10-min average values for each frequency at the output power giving the maximum individual interharmonic current. The interharmonic currents were subgrouped according to Annex A of IEC 61000-4-7/CDV. The window width used during measurements T w =12.
Current Distortions
The individual current distortions in the range 2 kHz up to 9 kHz are given in Table 9 as 10-min average values for each frequency at the output power giving the maximum individual current distortion. The current distortions were measured and evaluated according to Annex B of IEC 61000-4-7/CDV. The window width used during measurements T w =12. Figure 6 and Figure 7 show the voltage and current imbalance observed during the testing. The current and voltage imbalance was calculated for each 10-min period. The values are plotted against the average power of each 10-min data set. 
Current and Voltage Imbalance
Continuous Operation Flicker
The flicker coefficients C(Ψ k ,V a ) were determined according to procedures listed in IEC61400-21. The flicker measuring and analysis methods are described in the standard. Total number of 10-min interval data collected for this test: N bin =1021. Figure 11 show the graphs of fictitious grid flicker coefficients as a function of 10-min average active power for four different impedance phase angles (30°, 50°, 70° and 85°). The resulting flicker coefficients for continuous operation are shown in Table 10 . The ratio between three-phase short circuit apparent power of the fictitious grid S k,fic and turbine rated apparent power S n used for the analysis is 50. During the power quality test there was a nearby dynamometer test and a neighboring turbine test that were both known to affect the power quality on the grid. These tests may have contributed to the variations in P st . Table 10 by applying linear interpolation. 
Switching Operation Tests Results
Turbine starts and stops
Normal start tests were conducted at cut-in, moderate, and rated wind speeds. The wind speed was recorded during the tests along with voltage and current waveforms, and 10-min average wind speed during the switching operation was within ± 2 m/s of the required wind speed. The measurements were taken for a period long enough to ensure that the transient of the switching operation was abated, though limited to exclude possible power fluctuations due to turbulence. Table 11 lists the figure numbers for the current waveforms for all starting and stopping cases. 
Wind Regime
Starts Stops
Cut-in Figure 12 , Figure 13 The active and reactive powers were calculated for each start and stop case. The maximum number of switching operations for 10-min and 120-min intervals (N 10 and N 120 ) for each type of switching operation was not provided by the turbine manufacturer. So, the N 10 and N 120 values were assumed based on the method given by IEC61400-21. The flicker step factor and voltage change factors were determined as the average results of five values are shown in the tables below. The flicker step factor and voltage change factor of the wind turbine for the actual Ψ k at the site can be found from the above tables by applying linear interpolation.
Exceptions
Exceptions to IEC61400-21:
• The current and voltage sensors used for this testing do not meet the Standard requirements for compliance with the IEC 60044-1 and IEC 60186 respectively, but they do exceed the minimum accuracy required by the Standard. This should have no effect on results or uncertainty.
• The 15 m/s wind speed bin was not filled because it is difficult for our site to have high wind speed within the 8% to 16% turbulence intensity required in the standard due to our diverse terrain. 
Appendix A. Test Matrix
